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Abstract
Measurements of eye movements have shown that centrifugal movements (i.e. away from the primary position) have a lower
maximum velocity and a longer duration than centripetal movements (i.e. toward the primary position) of the same size. In 1988
Pelisson proposed that these kinematic diﬀerences might be caused by diﬀerences in the neural command signals, oculomotor
mechanics or a combination of the two.
By using the result of muscle force measurements that were made in recent years (OrbitTM1.8 Gaze mechanics simulation, Ei-
dactics, San Francisco, 1999) we simulated the muscle forces during centrifugal and centripetal saccades. Based on these simulations
we show that the cause of the kinematic diﬀerences between the centrifugal and centripetal saccades is the non-linear force–velocity
relationship (i.e. muscle viscosity) of the muscles.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Studies of saccade velocity proﬁles by Abel,
Dell’Osso, Daroﬀ, and Parker (1979), Collewijn, Erke-
lens, and Steinman (1988), Eggert, Mezger, Robinson,
and Straube (1999), Pelisson and Prablanc (1988) and
Rottach, Das, Wohlgemuth, Zivotofsky, and Leigh
(1998) have shown that the kinematics of saccadic eye
movements diﬀer for movements towards the primary
position (centripetal movements) and movements away
from the primary position (centrifugal movements). In
his 1988 paper Pelisson proposed that the observed ki-
nematic diﬀerences might be caused either by the neural
command signals or the oculomotor mechanics, or a
combination of the two.
Regarding the neural command signals it has been
known for many years (Robinson, 1964) that for a sac-
cade to occur, a pulse-step signal must be sent from
oculomotor nuclei to the extraocular muscles; a high
frequency phasic activity (pulse) is required for the eyes
to move quickly against high viscous forces and a regular
tonic activity (step) to hold the eyes at their new posi-
tion against elastic restoring forces. The known ana-
tomical connections between the pulse generator for
horizontal saccades and the muscles suggest that the
antagonistic pair of muscles is organized in a push–
pull arrangement (see Fuchs, Kaneko, & Scudder, 1985).
As a consequence, the phasic command would appar-
ently produce opposite but proportional modulations
of ﬁring frequency in the agonist (pulse of activation,
Fig. 1) and in the antagonist muscles (pulse of deacti-
vation, Fig. 1). However electrophysiological recordings
from motoneurons in monkey have shown that for sac-
cade amplitudes larger then 10 antagonist motoneurons
are totally inhibited irrespective of initial eye orientation
(Cullen & Guitton, 1997; Fuchs & Lushei, 1970; Rob-
inson, 1970). Therefore the intensity of the deactivation
is equal to the tonic activity at the beginning of the
saccade (Fig. 1). Since the tonic activity increases with
the ocular deviation toward the muscle concerned, the
deactivation of the antagonist muscle is proportional to
the initial eye deviation in the opposite direction to the
saccade (oﬀ direction). Thus the smaller the initial eye
position in the oﬀ direction (i.e. the smaller the initial
centripetal component) the smaller the deactivation step
becomes. Pelisson and Prablanc argued that this loss of
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signal between premotor burst neurons and motoneu-
rons, related to the low tonic activity of the latter and
proportional to initial eye position, is a reasonable ex-
planation of the observed increase of maximum saccade
velocity with initial centripetal component.
Pelisson and Prablanc went on to describe some of
the mechanical non-linearities that have been found
at the level of the ocular mechanics. In cat (Robin-
son, 1964) and in man (Collins, Lennerstrand, & Bach-
Y-Rita, 1975a; Collins, O’Meara, & Scott, 1975b;
Miller & Robinson, 1984; Miller, Pavlovski, & Shama-
eva, 1999) extraocular muscles have non-linear length–
tension relationships, with increased stiﬀness of the
stretched (antagonist) muscle with ocular deviation. The
viscous properties of the mechanical plant also seem
non-linear (Collins et al., 1975a; Cook & Stark, 1968).
They therefore felt that accurate simulations of the
oculomotor plant are required to assess the eﬀect of
these mechanical non-linearities and of their complex
interplay on the kinematics of saccades initiated from
diﬀerent initial positions.
Pelisson and Prablanc concluded that although the
non-linearity of neural commands seems to be a rea-
sonable explanation of the observed velocity changes,
peripheral non-linearities cannot yet be ruled out.
In the 13 years since Collewijn et al. (1988) and Pel-
isson and Prablanc (1988) published their ﬁndings a
great deal of work has been done on deriving better
models of the oculomotor control system that drives
saccades (Gancarz & Grossberg, 1998; Quaia, Lefevre,
& Optican, 1999) and new data has allowed the con-
struction of more detailed models of the ocular me-
chanics (Miller et al., 1999). The degree to which the
diﬀerence in centrifugal and centripetal saccade kine-
matics is caused by neural signal saturation or eye plant
mechanics, however, has as yet remained unanswered.
Answering this question may help us to gain more
insight into the way in which the signal driving the
saccades is modulated to account for starting position
diﬀerences.
In this paper we investigate the degree to which the
mechanical and the neural non-linearities contribute to
the kinematic diﬀerences between centrifugal and cen-
tripetal saccades. Based on the velocity proﬁles of cen-
trifugal and centripetal saccades we calculate the forces
and muscle innervations during these eye movements.
For the calculation of the forces in the muscles, and the
corresponding muscle innervations, we used a model of
the eye plant based on the work by Clark and Stark
(1974a,b), Collins et al. (1975a), Pfann, Keller, and
Miller (1995) and Robinson and Zuber (1981) and the
data from implanted force transducer experiments pub-
lished by Miller and Robins (1992), Miller et al. (1999)
and Pfann et al. (1995). In contrast to these earlier
studies, however, we did not use the model to synthesize
eye movements frommuscle innervation proﬁles. Instead
we inverted the model to allow us to calculate the muscle
innervations and muscle forces from eye movement
proﬁles. An overview of the step-wise process of calcu-
lating the muscle forces and innervation during saccades
is shown in Fig. 2. At each step we compared the force
(innervation) proﬁles that were calculated for the cen-
trifugal saccade with the corresponding proﬁles for the
centripetal saccade and correlate this with the kinematic
diﬀerences.
2. Method
In order to determine the contributions of the me-
chanical and neural properties of the saccade system to
the kinematic diﬀerences between centrifugal and cen-
tripetal saccades we measured the eye movements and
used a model of the eye plant, based on implanted force
transducer data from Miller et al. (1999), to simulate the
forces acting on the eye during these saccades.
The total force acting on the eye (Ftotal) was found by
taking the second derivative of the measured eye posi-
tion proﬁles (resulting in eye acceleration proﬁles) and
applying Newton’s third law. The passive forces (Fpassive),
Fig. 2. Step-wise process of calculating muscle forces and innervation during saccades.
Fig. 1. Schematic representation of the pulse-step signal sent to the
agonist and antagonist muscles.
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which include the muscle elasticity, orbital viscosity and
orbital elasticity and which depends directly on eye
orientation and velocity properties, were derived from
the measured eye movement proﬁles using the eye plant
model. To ﬁnd the actively generated forces (Factive),
which depend directly on the muscle innervation and
which includes the contractile and viscous muscle pro-
perties, we subtracted Fpassive from Ftotal. We then used
the eye plant model to ﬁnd the innervation of the mus-
cles that generated Factive.
2.1. Experimental procedures
The eye movements were recorded using the magnetic
search coil technique (Collewijn, Van der Mark, &
Jansen, 1975; Robinson, 1963). The movements of the
right eye were sampled at 500 Hz and stored by a
computer. The subject sat within the magnetic ﬁelds
with his head immobilized with a bite bar. The ﬁve vi-
sual targets were back-projected onto a ﬂat screen at the
hight of the subjects eyes. The visual targets were Xs
(24.5’ of visual angle) and were constantly visible
throughout the experiment. The subject was seated 1:5
m in front of the screen such that the right eye was
aligned with the central target. The targets were posi-
tioned at 10 and 20 to the right and to the left of the
central target. The subject made self paced saccades
between each of these targets. Velocity proﬁles were
computed by taking the ﬁrst derivative of the measured
eye position proﬁles. The eye movements between points
of equal eccentricity were then pooled together to de-
termine the mean eye movement proﬁle (and standard
deviation) for saccades between these two respective
points. We also averaged over adducting and abduc-
ting eye movements in order to remove (average out)
movement directional eﬀects caused by inequalities be-
tween the lateral and medial rectus muscles. For the
remainder of the work only the average movement pro-
ﬁles were used. The acceleration ðaÞ proﬁles of these av-
eraged eye movements were computed by taking the
derivative of the velocity ðxÞ proﬁles ða ¼ dx=dtÞ.
The total force acting on the eye was determined from
the acceleration proﬁles by applying Newton’s third law.
The moment of inertia of the eye was assumed to be
4:3 105 gf s2/deg which is the average value for hu-
mans as reported by Clark and Stark (1974a).
The model of the eye plant that was used to simulate
the forces acting on the eye is given in Section 2.2.
2.2. The eye plant model
The Hill-type mechanistic model of the horizontal
saccadic system which is used in our work was based on
similar models that were previously developed by Clark
and Stark, 1974a,b; Collins et al. (1975a); Pfann et al.
(1995) and Robinson and Zuber (1981). Most of the
parameter values were derived from steady state mea-
surements of macroscopic muscles properties (Collins,
Carlson, Scorr, & Jampolsky, 1981; Collins et al., 1975b;
Miller et al., 1999) and quick release experiments (Col-
lins, Bach-Y-Rita, & Collins, 1971; Cook & Stark,
1967). The remaining parameter values were taken from
the models by Robinson, Pfann and Clark (see Appen-
dix A). The data presented in the above mentioned work
was collected from measurements primarily in human
strabismus patients (Collins et al., 1981; Robinson,
O’Meara, Scott, & Collins, 1969), cats (Barmack, Bell, &
Rence, 1971; Collins et al., 1971; Robinson, 1964) and
monkeys (Fuchs & Lushei, 1971). Data was collected
using non-invasive length–tension forceps (Collins et al.,
1981) and chronically implanted muscle-force trans-
ducers (Collins et al., 1975b; Miller & Robins, 1992;
Pfann et al., 1995). A diagram of the model is shown in
Fig. 3.
The neural inputs (i.e. overall motoneuron activities)
MNlr and MNmr are low pass ﬁltered to generate the
active internal muscle forces Falr and Famr . In each mus-
cle, the force generator is in parallel with a nonlinear
dashpot, B, which represents the force–velocity relation
of the active muscle. This unit is in series with an elas-
tic element, Kse, which represents the connective tissue in
series with contractile elements which has the experimen-
tally measured property that an instantaneous reduction
Fig. 3. Diagram of the model of the horizontal eye plant. The lateral
and medial rectus muscle variables are denoted by subscripts lr and mr
respectively. The input MN is the neural input converted to its force
equivalent. The force generator Fa represents the length–tension–acti-
vation relationship of the muscles. The force–velocity relationship is
provided by the viscosity B. The series-elastic element is denoted Kse.
Kp represents the passive muscle elasticity. Orbital mechanics are
modeled by a dual spring–dashpot system ðKo1;Bo1;Ko2;Bo2Þ together
with the mass (Jo).
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in load results in an instantaneous change in muscle
length (i.e. the characteristics of a spring). This group of
mechanical elements is in parallel with an elastic ele-
ment, Kp, which represents the passive elastic properties
of the muscle. Both Fa and Kp are non-linear. These
muscle models are combined with a dual mass–spring–
dashpot ðKo1;Bo1;Ko2;Bo2; JoÞ (Robinson, Bach-y-Rita,
& Lennerstrand, 1975) representation of the orbit to
model the horizontal saccadic system. Since the contri-
bution of the vertical and oblique muscles to horizontal
eye movements is negligible they have been lumped to-
gether with the model of the orbit. This simpliﬁcation is
of the same order of magnitude as the simpliﬁcation that
both horizontal muscles were taken to be of equal ef-
fective strength.
A more precise description of the model and the pa-
rameter values that were used is given in Appendix A.
3. Results
The eye movement measurements showed the same
pattern of saccade duration, skewness and maximum
speed diﬀerences between the centrifugal and centripetal
saccades as reported by Collewijn et al. (1988) and
Pelisson and Prablanc (1988). The average position and
velocity proﬁles for the saccades between primary po-
sition (central target) and 20 eccentric are shown in Fig.
4. The results for the saccades between the primary
position and 10 eccentric and between 10 and 20 ec-
centric showed the same characteristics and will there-
fore not be shown here.
Fpassive, the force generated by the muscle elasticity
(Kp) and the orbital tissue ðBo;KoÞ, depends only on eye
orientation and velocity. The model of the eye plant
therefore allowed us to compute Fpassive from the mea-
sured eye movement data as shown in Eq. (1)
FpassiveðtÞ ¼ FplrðhðtÞÞ  FpmrðhðtÞÞ  FoðhðtÞÞ; ð1Þ
where Fplr , Fpmr and Fo are the muscle elasticity and or-
bital tissue forces as deﬁned in Appendix A. Fig. 5
shows the change in Fpassive during centripetal and cen-
trifugal saccades. Fig. 6 shows the change in Factive
during centripetal and centrifugal saccades which was
found by subtracting Fpassive from Ftotal.
We show the change in force rather than the actual
force since this makes it easier to compare the forces
during centrifugal and centripetal saccades. No relevant
information is lost by doing this since the steady state
forces, i.e. the initial oﬀset, of Factive and Fpassive cancel
each other and therefore do not contribute to the gen-
eration of eye movements. The proﬁles of Factive and
Fpassive look similar because, as we show in Section 3.1,
the proﬁle of Fpassive is a consequence of Factive. The
muscle innervation that, according to our eye plant
model, generates Factive is shown in Figs. 7 and 8. This
muscle innervation was calculated by using a gradient
Fig. 4. Average velocity proﬁles for the centrifugal and centripetal
saccades between the central position and the target at 20 eccentricity.
The characteristic diﬀerence in maximum saccade velocity (A) and
saccade duration (B) are indicated.
Fig. 5. Change in total passive force Fpassive during centripetal and
centrifugal saccades between the central position and the target at 20
eccentricity. ‘A’ indicates the diﬀerence in maximum change in Fpassive.
‘B’ indicates the diﬀerence in duration until steady state is reached.
Fig. 6. Change in total active force Factive during centripetal and cen-
trifugal saccades between the central position and the target at 20
eccentricity. ‘A’ indicates the diﬀerence in maximum change in Factive.
‘B’ indicates the diﬀerence in duration until steady state is reached.
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descent search algorithm to ﬁnd the innervations that
would generate Factive when used as input to our eye
plant model. The search space was reduced to a single
dimension by the constraint that the activity change in
antagonist is derived from the the activity change in the
agonist via inhibitory inter-neurons in the brain stem
(Cullen & Guitton, 1997; Hikosaka, Igusa, Nakao, &
Shimazu, 1978; Igusa, Sasaki, & Shimazu, 1980; Rob-
inson, Bach-y-Rita, et al., 1975; Scudder, 1988; Strass-
man, Highstein, & McCrea, 1986a,b; Yoshida, Berthoz,
Vidal, & McCrea, 1982).
The muscle innervations calculated by us, and shown
in Figs. 7 and 8, are given in grams of force (gf) rather
than spikes per second because the force–length–inner-
vation relationship (Miller et al., 1999; Collins et al.,
1981; Miller & Robinson, 1984), which determines Falr
and Famr , gives muscle innervation in grams of force. The
innervation of the muscles is deﬁned as the isometric
developed force (Fa) the muscle would generate if it were
set at primary position length. This muscle innervation,
although given in grams of force, is always directly re-
lated to the neural activity coming to the muscle.
3.1. Analysis of the Fpassive proﬁles
The force proﬁles in Fig. 5 reveal that Fpassive follows
the same pattern as the velocity proﬁles for centrifugal
and centripetal saccades. During centripetal saccades the
passive-force proﬁles show a greater maximum change
(Fig. 5‘A’) and a faster return to a steady state (Fig. 5‘B’)
than during centrifugal saccades.
As we will now show, however, the direction in which
the passive force pulls the eye is such that an increase in
passive force corresponds to a reduction in the net-force
driving the eye movement. Since the viscous force al-
ways acts opposite to the movement direction it is ob-
vious that this component of the passive force should act
to reduce movement velocity. The eﬀect of the elastic
forces however is less intuitive. The elastic forces pull the
eye towards the central position, helping the eye move-
ment during centripetal saccades and hindering the
movement during centrifugal saccades. As the eye moves
further away from the central position during centrifu-
gal eye movements the passive elastic forces increase
and counteract the centrifugal movement more strongly.
As the eye moves closer to the central position during
centripetal eye movements the strength of the elastic
forces decreases, reducing its positive contribution to the
eye movement. The change in passive force therefore
acts to reduce the acceleration of the eye during cen-
trifugal saccades as well as during centripetal saccades.
Thus the greater maximum change in passive force
during centripetal saccades as compared to centrifugal
ones (Fig. 5) causes the passive force to slow down the
centripetal saccade more then it does the centrifugal
saccade.
If the diﬀerence in the forces Fpassive were the primary
contribution to the diﬀerence in movement proﬁles
during centripetal and centrifugal saccades, the centrif-
ugal saccade would reach the greater maximum velocity.
Since the velocity proﬁles show the reverse situation, i.e.
a greater maximum velocity during centripetal saccades
than during centrifugal ones, we must conclude that the
cause of the observed diﬀerence in velocity proﬁles must
lie somewhere in the active forces Factive.
Rather than being the cause of the diﬀerence in cen-
trifugal and centripetal velocity proﬁles the diﬀerence in
Fpassive during these eye movements is a consequence of
the kinematic diﬀerences. The reason why Fpassive follows
the eye movement proﬁles so linearly is because taken as
a muscle pair the nonlinearities of the individual passive
muscle elasticities cancel each other making Fpassive
quasi-linear (Robinson et al., 1969). Since the orbital
tissue forces included in Fpassive, both the elasticity and
Fig. 8. Change in total neural muscle activity during centrifugal and
centripetal saccades between the central position and the target at 20
eccentricity. ‘A’ indicates the (lack of) diﬀerence in maximum change
in muscle activity.
Fig. 7. Muscle innervation proﬁles showing the strength of agonist
and antagonist activity during the saccade. ‘A’ indicates the diﬀerence
in antagonist deactivation pulse amplitude between centripetal and
centrifugal saccades. ‘B’ indicates the diﬀerence in initial agonist ac-
tivity while ‘C’ indicates the diﬀerence in maximum agonist activity.
‘C–B’ therefore indicates the diﬀerence in agonist pulse amplitude
between the centripetal and centrifugal saccades.
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viscosity components, are also linear with respect to eye
orientation the change in Fpassive during an eye move-
ment is independent of the starting orientation.
3.2. Analysis of the Factive proﬁles
The active force proﬁles in Fig. 6 illustrate the change
in Factive during centrifugal and centripetal saccades.
During centripetal saccades the active-force proﬁles
shows a greater maximum change (Fig. 6‘A’) and return
to a steady state faster (Fig. 6‘B’) than during centrifu-
gal saccades. These characteristics are almost identical
to those seen in the passive force proﬁles of Fig. 5. For
the active force however the change in force contributes
positively to the eye movement. The greater change in
Factive during centripetal movements, as compared to the
change in Factive during centrifugal movements, causes a
greater acceleration of the eye. This, in combination
with the previous results concerning Fpassive, leads us to
conclude that the cause of the velocity diﬀerence during
centrifugal and centripetal saccades has to do with the
properties of Factive. We now evaluate the contributions
of the muscle innervation, the length–tension–innerva-
tion relation and the force–velocity relation of the
muscles to the diﬀerence in Factive during centrifugal and
centripetal saccades. By comparing these we will show
that eventhough Factive is generated by the neural inner-
vation of the muscles, the diﬀerence in Factive during
centripetal and centrifugal saccades is due to mechanical
inﬂuences on the generation of Factive and not due to
diﬀerences between the neural signals.
3.2.1. Neural activity
The reduction in antagonist muscle deactivation step
that Pelisson and Prablanc (1988) suggested as a possi-
ble cause of the kinematic diﬀerences between centrifu-
gal and centripetal saccades can clearly be seen in the
muscle innervation patterns shown in Fig. 7‘A’. What
the ﬁgure also shows however is that the pulse in agonist
muscle innervation is greater during centrifugal saccades
than during centripetal ones (7‘C–B’). The reason for
this increase in agonist innervation can be found in the
non-linear relation between eye orientation and the re-
quired muscle activity to maintain ﬁxation. Fig. 9 shows
the muscle innervation values that were given by Miller
et al. (1999) for ﬁxation at various eye orientations. Due
to this relationship between muscle innervation and eye
orientation the agonist muscle must increase its activity
more during a centrifugal eye movement (Fig. 9‘A’) than
during a centripetal one (Fig. 9‘B’), resulting in a greater
agonist pulse. The reduction in antagonist deactivation
step (Fig. 7‘A’) is therefore compensated by the increase
in agonist pulse (Fig. 7‘C–B’). The total eﬀect of the
reduction of the deactivation pulse in the antagonist and
the increase in agonist activity can be seen in Fig. 8
which shows the change in total muscle innervation
during centrifugal and centripetal saccades. Since the
muscle-innervation-change proﬁles (Fig. 8) are almost
identical for the centrifugal and centripetal saccades, the
neural activity patterns cannot explain the observed
velocity diﬀerences during centrifugal and centripetal
saccades.
In order to show that this is not an artifact of our
choice of eye plant model, Appendix B gives a more
detailed analysis of the relation between the required
change in steady-state muscle innervation (i.e. activity in
the tonic neurons) and the muscle innervation change
during a saccade.
3.2.2. Length–tension–innervation relation
The length–tension–innervation relation of the mus-
cles was measured by Collins et al. (1975b), Miller et al.
(1999), Robinson (1975) and is shown in Fig. 10. De-
pending on the degree of muscle stretch (i.e. the orien-
tation of the eye) the force–innervation relation is
altered as indicated by the diﬀerent curves in Fig. 10.
Due to the non-linearity of the force–innervation curves
the same step in innervation change will result in dif-
ferent sized steps in force change depending on the
initial eye orientation and muscle innervation (Fig.
10‘B–A’).
The eﬀect of this length–tension–innervation relation
on centripetal and centrifugal saccades (i.e. the con-
tractile force changes) can be seen in Fig. 11, which
shows the simulated change in total force generation (i.e.
change in Falr  Famr in Fig. 7) resulting from the muscle
innervation proﬁles during centrifugal and centripetal
saccades (Fig. 7). Even though there was no diﬀerence in
the maximum change in total innervation (Fig. 7‘A’)
between the centrifugal and centripetal saccades, there is
Fig. 9. Muscle innervation during ﬁxation as a function of eye ori-
entation for the two horizontal muscles, i.e. the medial and lateral
rectus muscles. ‘A’ indicates the step in agonist muscle innervation
increase during a centrifugal saccade of 20 away from the central
position. ‘B’ indicates the step in agonist muscle innervation increase
during a centripetal saccade of 20 towards the central position. The
inset ‘A–B’ shows the diﬀerence between ‘A’ and ‘B’. (Data fromMiller
et al., 1999.)
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a clearly discernable diﬀerence in the resulting maximum
change in contractile force (Fig. 11‘A’).
The length–tension–innervation relation results in a
larger maximum change in contractile force during
centrifugal saccades than during centripetal ones (Fig.
11‘A’). This is contrary to the diﬀerence in Factive where
we found that the maximum change in Factive is greater
for centripetal than for centrifugal saccades (Fig. 6‘A’).
The cause of the diﬀerence in Factive and thus the cause of
the kinematic diﬀerences during centripetal and cen-
trifugal saccades, therefore, can not be in the length–
tension–innervation relationship of the muscles.
3.2.3. Force–velocity relation
The force–velocity relationship of the muscles (Blr
and Bmr in Fig. 3) describes the viscous force generated
in the muscles as a function of the rate of muscle
shortening (lengthening).
The muscle viscosity relationship that was derived by
Hilll (1938) and which was also used in the models by
Clark and Stark (1974a,b), Cook and Stark, 1967 and
Pfann et al. (1995) is as follows:
Fviscous ¼ B dy
dt
; where
B ¼
3Fa
Hvmax
; when the muscle expands
1:25Fa
Hvmax þ
dy
dv
; when the muscle contracts
8>><
>>>:
ð2Þ
where Hvmax ¼ 900 deg/s is the Hill constant character-
izing the relationship to the maximum rate of muscle
shortening, Fa is the contractile force of the muscle and
dy=dt is the rate of muscle shortening (lengthening).
The viscous forces in both muscles act against the
movement direction. Thus the net viscous force acting
on the system is the sum of the viscous forces. This is an
important diﬀerence between the viscous forces and the
elastic and contractile forces, which act in opposite di-
rections in both muscles. The net viscosity coeﬃcient B
is therefore a function of Falr þ Famr (Fig. 12). In addi-
tion, the viscous force is a function of the contraction
rate (dy=dt). The value of the viscosity coeﬃcient B is
therefore only of importance during the actual saccade
(period ‘A’ in Fig. 12).
When we simulate the viscous forces in the muscles
using Eq. (2), we ﬁnd that the net viscous forces during
centrifugal saccades reach a much greater maximum
force then during centripetal saccades (Fig. 13‘A’). Sub-
tracting the viscous force, which acts to slow down the
eye movement, from the contractile muscle force results
in the net muscle force proﬁles shown in Fig. 14. During
centripetal saccades the resulting force proﬁles (Fig. 14)
show a greater maximum change (Fig. 14‘A’) and return
Fig. 10. Force–length–innervation curves showing the relationship
between the contractile force generated by an extraocular muscle and
its neural innervation for various degrees of muscle stretch (eye ori-
entations). ‘A’ indicates the step in contractile muscle force resulting
from a 10 gf increase of innervation when the eye is oriented 20
rightward with an initial activity level of 20 gf. ‘B’ indicates the step in
contractile muscle force resulting from a 10 gf increase in muscle
innervation when the eye is oriented 20 leftward with an initial inn-
ervation level of 40 gf. The inset ‘B–A’ indicates the diﬀerence between
‘A’ and ‘B’. (Data from Miller et al., 1999.)
Fig. 11. Change in total contractile force (and muscle innervation)
during centripetal and centrifugal saccades between the central posi-
tion and the target at 20 eccentricity. ‘A’ indicates the diﬀerence in
maximum change in generated contractile force.
Fig. 12. Sum of contractile forces Falr and Famr during centrifugal and
centripetal saccades between the central position and the target at 20
eccentricity. ‘A’ indicates the period during which the muscle con-
traction rate dy=dt is most signiﬁcant.
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to steady state faster (Fig. 14‘B’) than during centrifugal
saccades. This agrees with the maximum velocity and
duration characteristics of centripetal and centrifugal
saccades. We therefore conclude that the cause of the
kinematic diﬀerences between centrifugal and centripetal
saccades is in the muscle viscosity.
4. Discussion
The intention of the present study was to determine
the cause of the kinematic diﬀerences between sac-
cades going away from the primary position and sac-
cades going towards the primary position. In other
words, what causes centrifugal saccades to have a lower
maximum velocity and a longer duration than centrip-
etal saccades?
We measured the eye movements during centrifugal
and centripetal saccades and used a model of the eye
plant to simulate the muscle and orbital tissue forces
acting on the eye during these saccades. Using the re-
sulting force proﬁles and the data on muscle properties
from experiments by Collins et al. (1975a,b), Miller and
Robinson (1984), Miller et al. (1999), Robinson (1975),
and Robinson and Zuber (1981), we showed that the
contribution of the passive forces (i.e. the muscle elas-
ticity and orbital tissue elasticity and viscosity) to the
kinematics of centrifugal and centripetal saccades dif-
fers only as a result of the diﬀerence in movement pro-
ﬁles. In addition, we showed that the contribution of
the passive forces to the ocular kinematics favors the
centrifugal saccades. From this we concluded that the
passive forces can not be the cause of the kinematic
diﬀerences.
Next we investigated the active forces, i.e. the muscle
contractile force and the muscle viscosity, which both
depend directly on the innervation of the muscles. By
synthesizing the muscle innervation that would be re-
quired to produce the active forces we showed that the
total change in muscle innervation during centrifugal
and centripetal saccades is near identical and can
therefore not be the cause of the kinematic diﬀerences.
Based on the length–tension–innervation relationship of
the eye muscles that was reported by Miller et al. (1999)
and Robinson (1975) we showed that the contractile
forces resulting from the innervation change are greater
during centrifugal saccades than during centripetal ones.
The contractile length–tension–innervation relationship
can therefore not be the cause of the observed kinematic
diﬀerences either. The muscle viscosity was investigated
next. We found that, due to the non-linear characteris-
tics of the muscle viscosity as described by Clark and
Stark (1974a,b), Cook and Stark (1967), Hilll (1938) and
Pfann et al. (1995) the viscous force is much greater
during centrifugal movements than during centripetal
ones. This means that the muscle viscosity slows down
the eye movement more during centrifugal movements
resulting in a lower maximum velocity.
The muscle viscosity was the only force that showed a
diﬀerence between centrifugal and centripetal saccades
which could explain the observed diﬀerence in saccade
kinematics. We therefore conclude that the cause of the
kinematic diﬀerences during centrifugal and centripetal
saccades is the non-linear force–velocity relationship of
the muscles.
4.1. Implications for the saccade generator
It is generally accepted that during saccades the only
feedback signal available to the system is some kind of
eﬀerence copy signal which either encodes eye orienta-
tion (Robinson, Bach-y-Rita, et al., 1975) or eye dis-
placement (Jurgens, Becker, & Kornhuber, 1981). Any
deviations in the eye movements that are not reﬂected in
the muscle innervation, such as mechanical defects, can
therefore only be detected if they eﬀect the amplitude
Fig. 14. The result of subtracting the total viscous muscle force from
the total change in contractile muscle force during centripetal and
centrifugal saccades between the central position and the target at 20
eccentricity. ‘A’ indicates the diﬀerence in maximum change in the
resulting force. ‘B’ indicates the diﬀerence in duration until steady state
is reached.
Fig. 13. Total viscous force during centripetal and centrifugal saccades
between the central position and the target at 20 eccentricity. ‘A’ in-
dicates the diﬀerence in maximum viscous force.
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and/or duration of the saccade. The result of our current
investigation is that the diﬀerence between centrifugal
and centripetal saccades has its cause in the mechanics
of the eye plant, speciﬁcally the muscle viscosity. The
diﬀerence in saccade kinematics is not reﬂected in the
neural feedback signal. Since the amplitude of the sac-
cades is not eﬀected either the only way that the saccadic
system could measure these kinematic diﬀerences is if
the centrifugal saccade is suﬃciently slow so that the
diﬀerence in duration interferes with the functioning of
the visual system. From the data by Collewijn et al.
(1988), the diﬀerence in saccade duration for saccades of
up to 30 is less than 25 ms. Considering that the min-
imal inter-saccadic interval during rapid search is ap-
proximately 135 ms (Becker & Juergens, 1979) it is
improbable that a diﬀerence in saccade duration of
(less than) 25 ms is noticeable. We therefore conclude
that the saccadic system is unable to detect the kine-
matic diﬀerences between centrifugal and centripetal
saccades.
4.2. Implications for starting position dependent modula-
tion
In Section 3.2 and Appendix B we showed that re-
gardless of the lower bound cutoﬀ of the antagonist
signal the total change in muscle innervation during cen-
trifugal and centripetal saccades is nearly identical. The
reason why centrifugal and centripetal saccades have the
same pattern in total change in muscle innervation is
because the diﬀerence in antagonist signal cutoﬀ is com-
pensated by the position dependent increase in agonist
signal for centrifugal saccades. According to the more
recent models of the saccade generator (Quaia et al.,
1999), the superior colliculus generates a saccade drive
signal, based on the desired displacement of the eye, and
this signal is then modulated by a signal from the cere-
bellum to compensate for position-dependent diﬀerences.
The diﬀerence in agonist pulse activity (which compen-
sates the cutoﬀ eﬀect) would thus have to be the results
of the modulation signal from the cerebellum. Using the
same method as we did (see Appendix B) to ﬁnd the
diﬀerence in agonist pulse activity during centripetal
and centrifugal saccades may therefore provide a useful
tool to quantify the modulation signal sent by the cer-
ebellum.
4.3. Conclusion
By using the results of force measurements that were
made in recent years (Miller et al., 1999) we were able
to simulate the muscle forces during centrifugal and
centripetal saccades. Using this simulation we found
that the cause of the kinematic diﬀerences between
centrifugal and centripetal saccades is in the muscle
viscosity.
Appendix A. The eye plant model
This appendix describes the implementation of the
eye plant model.
As shown in Fig. 3 the model of the eye plant consists
of three distinct parts, the passive orbital tissue (in-
cluding the moment of inertia of the eye ball) and the
two horizontal extraocular muscles. For simplicity the
models of the lateral and medial rectus muscles are
identical. The four percent diﬀerence in muscle strength
between the lateral and medial rectus muscles which is
reported by Miller et al. (1999) was not included in our
model.
The moment of inertia of the orbit was taken from
(Clark & Stark, 1974a) giving a value of J ¼ 4:3e 5,
gf s2/deg. The orbital tissue force parameters were cho-
sen such that the stead-state muscle forces given in
Miller et al. (1999) would result in ﬁxation (this deter-
mines Ko) while the time constants (s1, s2 and s3) were
chosen as an average of the values given by other au-
thors (Robinson & Zuber, 1981; Collins et al., 1981;
Clark & Stark, 1974b). The orbital tissue force is given
by the following equation:
FoðhðtÞÞ ¼ Ko hðtÞ

þ ðs1 þ s2Þ dhðtÞ
dt
þ s1s2 d
2hðtÞ
dt2

 s3 dFoðhðtÞÞ
dt
where s1 ¼ Bo1=Ko1 ¼ 50 ms, s2 ¼ Bo2=Ko2 ¼ 140 ms,
s3 ¼ ðBo1 þ Bo2Þ=ðKo1 þ Ko2Þ ¼ 80 ms and Ko ¼ ðKo1
Ko2Þ=ðKo1 þ Ko2Þ ¼ 0:27 gf/deg.
The passive elastic force of the muscles was deter-
mined by ﬁtting the data presented in (Miller et al.,
1999). For the lateral and medial rectus muscles this
works out to:
FplrðhðtÞÞ ¼ 0:002ðmaxð0;hðtÞ þ 35ÞÞ2;
FpmrðhðtÞÞ ¼ 0:002ðmaxð0; hðtÞ þ 35ÞÞ2:
For the series elastic stiﬀness we took the average of
the values given in Clark and Stark (1974a), Collins et al.
(1975a), Pfann et al. (1995) and Robinson and Zuber
(1981) resulting in Kse ¼ 2 gf/deg. The muscle activation
and deactivation time constants sa and sd, which deter-
mine the low-pass ﬁlter characteristic between the
motoneuron activity and the muscle contraction, were
taken from (Clark & Stark, 1974b; Pfann et al., 1995) as
4 and 8 ms respectively. The change in muscle activity (I)
as function of the motoneuron activity is given by:
dIðtÞ
dt
¼ 1
sa=d
ðIðtÞ MNðtÞÞ
The active contractile force generated by the muscles
was determined using a polynomial approximation
(Faðh; IÞ ¼ adlþ bI þ cIdl . . ., where dl is the percentage
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change in muscle length in relation to its relaxed length)
of the length–tension–innervation data provided by
(Miller et al., 1999) (Fig. 10). For the lateral rectus
muscle dllrðhÞ ¼ ð53:5=80Þhþ 13:25, for the medial
rectus muscle dlmrðhÞ ¼ ð53:5=80Þhþ 13:25.
The muscle viscosities (Blr and Bmr) determining the
force–velocity relationship were based on the model
presented in (Pfann et al., 1995) and look as follows:
Blr ¼
3Falr
Hvmax
; if
dy1
dt
< 0
1:25Falr
Hvmax þ
dy1
dt
; otherwise
8>>><
>>:
Bmr ¼
3Famr
Hvmax
; if
dy2
dt
> 0
1:25Famr
Hvmax 
dy2
dt
; otherwise
8>><
>>:
where Hvmax ¼ 900 deg/s is the Hill constant character-
izing the relationship to the maximum rate of muscle
shortening.
Using these model parameters the relationship of eye
movement to muscle innervation is given by the fol-
lowing diﬀerential equations:
dx
dt
¼ 1
J
ðFoðhðtÞÞ þ FplrðhðtÞÞ þ Kseðy1ðtÞ  hðtÞÞ
 FpmrðhðtÞÞ  KseðhðtÞ  y2ðtÞÞÞ
dy1
dt
¼ Falr þ KseðhðtÞ  y1ðtÞÞ
Blr
;
dy2
dt
¼ Famr þ KseðhðtÞ  y2ðtÞÞ
Bmr
Appendix B. Neural activity proﬁles during saccades
The motoneuron activity (MN), i.e. muscle innerva-
tion, is generally assumed to be the sum of the tonic
neuron activity (TN) and the burst neuron activity (ex-
citatory EBN for agonist, inhibitory IBN for antagonist)
(Gancarz & Grossberg, 1998; Robinson, Bach-y-Rita,
et al., 1975; Scudder, 1988).
MNagonist ¼ TNagonist þ EBNagonist; and
MNantagonist ¼ maxð0;TNantagonist  IBNantagonistÞ; with
TNagonistðT Þ ¼ TNagonistð0Þ þ a
Z T
0
EBNagonistðtÞdt;
TNantagonistðT Þ ¼ TNantagonistð0Þ  b
Z T
0
IBNantagonistðtÞdt;
where a and b are synaptic gain factors and T is the
duration of the saccade.
Tonic neuron activities at the beginning and end of
saccades (i.e. the steady-state values) are known from
the data by Miller et al. (1999, Fig. 9). Assuming that
the shape of the burst neuron activity proﬁle is the same
for centrifugal and centripetal saccades, i.e. any diﬀer-
ence in motoneuron activity is the result of the lower-
bound cutoﬀ eﬀect described by Pelisson and Prablanc
(1988) (see Section 1), the only free parameters that are
left are a and b. Diﬀerent values of a and b result in
diﬀerent MN proﬁle shapes, altering the hight of the
pulse part in the pulse-step proﬁle. The values that we
chose for our main work were chosen to give a pulse-
step proﬁle whose shape corresponds to the data re-
ported by Collins et al. (1975a), Cullen and Guitton
(1997), Robinson, Bach-y-Rita, et al. (1975) and Rob-
inson (1975). To test the eﬀect of diﬀerent a and b values
we varied a and b from 4 to 32 in steps of 4. Values of a
larger than 32 cause the MN proﬁles to loose the pulse-
step shape reported in the literature (Collins et al.,
1975a; Cullen & Guitton, 1997; Robinson, Bach-y-Rita,
et al., 1975). The values we used in the main text were
a ¼ 16 and b ¼ 16.
The maximum change in total activity during the
centripetal saccade became larger than the maximum
change in activity during centrifugal saccade when a >
16 and b < 16. This diﬀerence was greatest when the
gain factors a ¼ 4, b ¼ 32 were chosen. When a < 16
and b > 16 the maximum change in activity was larger
during the centrifugal saccade then during the centrip-
etal saccade. This diﬀerence was greatest when the gain
factors a ¼ 32, b ¼ 4 were chosen. Fig. 15 shows the
total change muscle innervation proﬁles during cen-
tripetal and centrifugal saccades for these a, b pairs for
saccades between the central target and a target at 20
eccentricity.
In order to see if the greater maximum change in
muscle innervation during the centripetal saccade that
was achieved when a ¼ 32 and b ¼ 4 could explain the
Fig. 15. Total change in muscle innervation during centripetal and
centrifugal saccades between the central target and a target at 20
eccentricity. The arrows indicate the maximum diﬀerence in total
muscle innervation change for each pair of aðaÞ and bðbÞ values.
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diﬀerence in velocity proﬁles during centripetal and
centrifugal saccades we also simulated the contractile
muscle forces that would result from these muscle inn-
ervation proﬁles.
As we can see from Fig. 10 the non-linear force–
length–activity relation (Fig. 10) of the muscles, which
favors the centrifugal eye movement (Section 3.2), has
resulted in total contractile muscle force changes with
the same maximum value for both the centripetal and
centrifugal eye movements (Fig. 16 a ¼ 32, b ¼ 4).
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